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Abstract. A design of a compact free-electron laser (FEL), generatitrg-fast, high-peak flux,
XUV pulses is presented. The FEL is driven by a high-currerit,GeV electron beam from the
Lawrence Berkeley National Laboratory (LBNL) laser-plasaccelerator, whose active accelera-
tion length is only a few centimeters. The proposed ultst-gaurce {10 fs) would be intrinsically
temporally synchronized to the drive laser pulse, enalginmp-probe studies in ultra-fast science.
Owing to the high currentf10 kA) of the laser-plasma-accelerated electron beamsadatl out-
put fluxes are potentially greater than'd@hotons/pulse. Devices based both on self-amplified
spontaneous emission and high-harmonic generated inpdss& reduce undulator length and
fluctuations, are considered.
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INTRODUCTION

Recent experiments at LBNL have demonstrated generatitmwaénergy spread, GeV
beams using laser-plasma-based acceleration [1]. Thesgiments used a relativisti-
cally intense £10"®W/cn?) laser pulse focused into a plasma channel (plasma den-
sity ~10' cm™3) to generate plasma waves with accelerating fields on ther @t
100 GV/m. The cm-scale plasma channels are created usingfillgd discharge cap-
illary. The electron bunches are self-trapped from the gemlind plasma and have nat-
urally short durations (a fraction of the plasma peried,0 fs). With such short du-
rations, peak currentg10 kA are generated. The ultra-short laser-plasma actetera
beams are well-suited to drive an FEL, and the ultra-higinecits allow for greatly re-
duced undulator lengths. The bunches emerging from the-pdgsma accelerator are
also intrinsically synchronized to the laser driver, maksuch a source ideal for ultra-
fast pump-probe applications. These laser-plasma aetetezxperimental results [1]
open the possibility of a new class of compact, high-peak fiELs in which the con-
ventional accelerator is replaced by a GeV-class lasamnpdaaccelerator (several cm in
length), in principle greatly reducing the size and costuaitslight sources [2-5].

In this paper we discuss the design of a compact free-etetdser (FEL) driven by
the LBNL laser-plasma accelerator. GeV electron beams with 2 relative energy
spread and-mrad divergences (implying1l mm-mrad normalized emittance) contain-



TABLE 1. Undulator parameters.

Undulator type planar
Undulator periodjy 2.18cm
Peak magnetic fieldg 1.02T
Undulator parameter (pealy, 1.85
Magnetic gap 4.8mm
Undulator periodsl\, 220
Beta-function kgl 3.7m

ing ~ 10° electrons have been demonstrated at LBNL [1, 6]. Furtheréngments in
beam quality (e.g., reducing the relative energy spread 10~2) are anticipated using
triggered electron trapping via plasma density gradiefits [

FEL DESIGN

We consider the interaction of a laser-plasma-accelef@atedeV electron beam in a
conventional magnetostatic undulator. Recently, the TIBER undulator [8] has been
transported to LBNL from Boeing and, after magnetic measer@s are concluded
[9], is scheduled for installation in 2009. The undulatoaracteristics are listed in
Table 1. The undulator period is1IB cm, and the peak undulator strength parameter is
K = eByAy/2mmc ~ 1.85 (peak magnetic field @ ~1.02 T). The undulator consists
of ten, 22-period, sections, and the undulator strengthlmeagpered section by section.
A canted pole design allows for focusing in both planes. Aaddanction of 3.7 m for
0.5 GeV in both planes is accomplished by the natural foguaimd the canted pole
design [8]. We will assume the laser-plasma-acceleratsiren beam parameters listed
in Table 2. For the numerical modeling a parabolic currestritiution was assumed.

The resonant fundamental wavelength for the undulator aathiparameters listed in
Tables 1 and 2ig = Ay(14K?/2)/(2y?) ~ 31 nm (40 eV photons), while the matched
electron beam size in the undulatorgis= oy = 61 um. The basic scalings of the FEL
are determined by the FEL parameter:
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TABLE 2. Laser-plasma-accelerator beam parameters.

Beam energymc 0.5GeV
Peak current, 20 kA
ChargeQ 0.2nC
Bunch duration (FWHM)1y, 10fs
Energy spread (RMS, slicey/y 0.5%

Normalized transverse emittanee, 1 mm mrad
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FIGURE 1. Power gainlength versus (a) relative energy spread ana(b)alized transverse emittance
for peak beam currents of 5 kA (dotted curve), 10 kA (dashedejuand 20 kA (solid curve), with all
other parameters are given in Tables 1 and 2.

Ji(x)] (planar undulator)x = K?(44- 2K?)~1, and J,, are Bessel functions. For the
parameters of Tables 1 and 2, the FEL parametgr4s8 x 103 and the ideal one-
dimensional (i.e., neglecting emittance, energy spreatiffoaction effects) exponential
power gain length is1p = Ay/(4m/3p) ~ 0.12 m. Including these non-ideal effects
(emittance, energy spread, and diffraction), via the Xim d@ngth formula [10], the
gain length increases tgy = 0.23 m for the parameters of Tables 1 and 2. Figure 1
showsl 4 versus (a) relative energy spread and (b) normalized tesiss\emittance, for
several peak currents. Operating at relatively large atsré.e., largeip) relaxes the
electron beam quality requirements. Note that slippageheilan important effect at
these energies and pulse durations. The slippage over tHEHUNDER undulator is
Ts= ANy/c~ 24 fs, and operating with electron beam pulse duratigrizelow 15 will
reduce the saturated radiation power.

The saturation length of the FEL is approximately giverLy~ Ay/p, and, there-
fore, the saturation length scaleslag; [ (IA/I)1/3. For the ultra-high currents of the
laser plasma accelerated electron bedms,l, the saturation length is significantly
reduced (compared to a beam generated from a conventiaceleeator withl < 14).

A compact FEL is enabled not only by the compact laser-plaasroalerator, but by the
reduced undulator length resulting from the ultra-highkpaarents of the laser-plasma
accelerator electron beam.

Space charge effects will not directly affect the FEL ingibin this high-current
regime providedA,/p)? < y3)\§ (i.e., the characteristic wavelength of the space charge
oscillation in the lab frame is much greater than the FEL demgth), wherej,, is the
plasma wavelength of the electron beam. This conditiontisfed for the parameters
of Tables 1 and 2. However, a space-charge induced enengydiy is can be created
by the longitudinal Coulomb self-fields during beam progexgain vacuum. The space-
charge induced energy chidty/y over a coherence lengthh = ALg/Ay should be small
compared to the FEL bandwidth Large space-charge chirps are inhibited by growth of
the longitudinal bunch length (at the % level), and the spd@@ge induced chirp is not
expected to significantly affect the FEL performance fosthparameters [11]. Resistive



TABLE 3. FEL parameters and performance.

Fundamental radiation wavelength, 31 nm

Resonant photon energy 40 eV
FEL parameterp 0.008
3D Gain length] g 0.23m
RMS bandwidth at saturation .@5
Slippage length oum
Spontaneous radiation power 16 kW
Saturation length (SASE) 5m
Saturation length (HHG-seeded) 2.4m
Photons/pulse (HHG-seeded) X403
Peak brightnesgHHG-seeded) % 1016

* photons/pulse/mAimrad/0.1%BW

wall wakefields can also create an energy chip. For the 4.8 nmmum undulator gap,
given the ultra-short bunch durationg, (~ 10 fs), resistive wall wakefields will not
significantly degrade the performance of the FEL for peakenusl <30 kA.

FEL PERFORMANCE

The simplest mode of FEL operation is to rely on self-amplipontaneous emission
(SASE) in the undulator. SASE operation allows for stréigiward wavelength tuning
via the beam energy or undulator gap. Owing to the intringinchronization between
the laser and the electron beam, it is natural to also considernal seeding by a high-
harmonic generation (HHG) source at the FEL fundamentakleangth [12]. Existing
laboratory HHG sources have demonstrated production -ghort (tens of fs) coher-
ent pulses at 31 nm with 0(8] of energy (see, for example, Ref. [13]). For the numeri-
cal modeling below, we have adopted nominal seed paranwtarGaussian pulse with
15 MW peak intensity and a FWHM duration of 10 fs. HHG seediag kignificant
advantages over the simpler SASE mode of operation as itqggsunproved temporal
coherence, reduced fluctuations, and a much reduced potueatsan length. Table 3
lists the FEL parameters and performance.

Figure 2 shows the exponential gain in time-integratedatamh pulse energy over
the length of the undulator for the SASE and HHG-seeded cd$ese results were
obtained using th&d NGER code [14], and the SASE result is one example of start-up
from shot noise (shot-to-shot fluctuations are presentigaghort-bunch regimery, ~
2mnL;). For SASE, saturation is reached after approximately 5nd,the FEL produces
10'3 photons/pulse. Using seeding, the saturation length imappately 2.4 m, and the
power in the third harmonic(10.3 nm) is about 0.5% that of finedamental. Earlier
saturation can also be achieved by employing additionaldimg (adding focusing
optics between the undulator sections) to reduce the matodem radius (increags.

Figure 3 shows an example (a sin@eNCGER simulation run) of the temporal struc-
ture of the radiation after the full THUNDER undulator foretlisASE and the HHG
cases. The dominance of a single longitudinal mode in theESé&se is due to slip-
page (the electron beam is centered at0 in Fig. 3) and the fact that the ultra-short
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FIGURE 2. Predicted G NGER simulation) radiation pulse energy as a function of unduléngth
for SASE and HHG-seeded cases.
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FIGURE 3. Example of temporal profiles (SASE and HHG-seeded casebleajutput FEL radiation
power (3 NCER simulation). The electron beam is centeret-atO.

bunch duration (10 fs) is on the order afiiZ;, where the steady-state coherence length
is Lc = ALg/Au ~ 0.3 um. For SASE, the short bunches also result in significant-shot
to-shot fluctuations in peak power.

DISCUSSION AND CONCLUSIONS

Recent advances in laser-plasma-based accelerator epés| and, in particular, the
demonstration of high-quality GeV electron beams [1, 6}ehanabled the possibility
of a new class of compact laser-driven FELs in which the cotiweal RF accelerator is
replaced by a cm-scale laser-plasma accelerator that peedutra-short (high current)
GeV beams over cm-scale distances. These advances ardegkpegreatly reduce
the size, and cost, of future FELs. The natural short buncatiun of the laser-plasma
accelerated beam-(0 fs), and the intrinsic temporal synchronization betwi&ershort-

pulse laser generating the electron beam and the FEL rawljatiake the laser-driven



FEL an ideal source for ultra-fast pump-probe applicatidits the design parameters
discussed in this paper, ultra-short, coherent XUV pulsesaining 182 photons/pulse
can be produced irr5 m. To achieve this level of performance, the energy spréad o
the laser-plasma accelerated electron beam must be rednaader of magnitude (to

< 0.5%) compared to present experimental results. SeedingeoFHEL by an HHG
source (generated from the same drive laser as the plasrakei@tor, and, therefore,
temporally synchronized with the electron beam) can redheeoverall length of the
device, as well as reducing shot-to-shot fluctuations.
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